Predicting tumor metastatic potential remains a challenge in cancer research and clinical practice. Our goal was to identify novel biomarkers for differentiating human breast tumors with different metastatic potentials by imaging the in vivo mitochondrial redox states of tumor tissues. The more metastatic ͑aggressive͒ MDA-MB-231 and less metastatic ͑indolent͒ MCF-7 human breast cancer mouse xenografts were imaged with the low-temperature redox scanner to obtain multi-slice fluorescence images of reduced nicotinamide adenine dinucleotide ͑NADH͒ and oxidized flavoproteins ͑Fp͒. The nominal concentrations of NADH and Fp in tissue were measured using reference standards and used to calculate the Fp redox ratio, Fp/ ͑NADH+ Fp͒. We observed significant core-rim differences, with the core being more oxidized than the rim in all aggressive tumors but not in the indolent tumors. These results are consistent with our previous observations on human melanoma mouse xenografts, indicating that mitochondrial redox imaging potentially provides sensitive markers for distinguishing aggressive from indolent breast tumor xenografts. Mitochondrial redox imaging can be clinically implemented utilizing cryogenic biopsy specimens and is useful for drug development and for clinical diagnosis of breast cancer.
Introduction
Cancer metastasizes through hematogenous and lymphatic pathways to distant organs. 1 Metastasis is the final step of cancer progression and remains the primary cause of death from solid tumors. 1, 2 The tendency of a primary tumor to form secondary metastatic lesions is the metastatic potential of that tumor. 3 Knowledge of tumor metastatic potential may help physicians to select a proper level of treatment based on tumor aggressiveness while avoiding unnecessary side effects on patients. 4 Due to the complexity of cancer, such as inter-and intratumoral heterogeneity [5] [6] [7] [8] [9] in structure, gene expression, and metabolism, predicting tumor metastatic potential remains a major challenge in cancer research and clinical practice. Current clinical metastatic prognosis for breast cancer is based on factors including tumor size, stage, grade, and other histopathological information from localized biopsy samples. However, it is still difficult to accurately predict the likelihood that a specific breast tumor in a specific patient will produce a distant metastasis. As a result, some low-grade breast tumors that have been treated less aggressively may disseminate, while some high-grade tumors that were treated aggressively may be nonmetastatic in nature.
Imaging techniques that measure the spatial distribution of physiological parameters, i.e., image the heterogeneity of tumor metastatic biomarkers, may prove useful and necessary for predicting tumor metastatic potential. Many processes are associated with tumor aggressiveness, such as glucose metabolism, hypoxia, angiogenesis, and the activity of matrix metalloproteinases ͑MMPs͒ within the tumor microenvironment. A variety of clinical and preclinical methods that image one or more indices of these phenomena have been reviewed. 3 In this study, we employed the mitochondrial redox scanning technique to distinguish between aggressive and indolent human breast tumor mouse xenografts. Redox scanning developed by Chance and collaborators [10] [11] [12] [13] utilizes a cryogenic nicotinamide adenine dinucleotide ͑NADH͒/flavoproteins fluorescence imaging instrument to image the mitochondrial redox state in biological samples snap-frozen under liquid nitrogen. The light emissions originate from the two major classes of intrinsic fluorophores in tissue, NADH and oxidized flavoproteins ͑Fp͒ containing flavin adenine dinucleotide ͑FAD͒, whose fluorescence intensities are enhanced 10fold at liquid nitrogen temperature. 14 NADH and FADH 2 are energy carrying co-enzymes, which are fed into the electron transport chain in mitochondria to generate adenosine-5Ј-triphosphate ͑ATP͒ by oxidative phosphorylation. It has been shown that Fp and NADH are sensitive indicators of mitochondrial metabolic states, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] and their ratio is related to the hydroxybutyrate/acetoacetate ratio and thus to the NAD + -coupled mitochondrial redox potential NAD + / NADH and to the thermodynamic potential ⌬G of the mitochondrial system. 14, 26 A highly active mitochondrial metabolic state results in oxidation of the electron transport system, leading to decreases in NADH and increases in Fp, which result in increases in the Fp redox ratio ͑or shortened as Fp ratio͒, Fp/ ͑Fp+ NADH͒.
In our previous study 27 directed at predicting the metastatic potential of five human melanoma mouse xenografts that spanned the full range of tumor aggressiveness, we used the redox scanning technique to identify a distinctly more oxidized core region in aggressive tumors. We demonstrated that the invasive potential of all five melanoma lines measured in a Boyden chamber varied linearly with the oxidized redox ratio of the cores of these tumors. However, prediction of metastatic potential in melanoma is clinically less critical than in other malignancies such as prostate and breast cancer because melanoma is almost invariably surgically excised, and the aggressiveness of melanoma can be judged by its histological characteristics as well as by the vertical height of the tumor. 28 However, melanoma serves well as a starting point for establishing biomarkers of metastatic potential because a wide range of human tumor lines with varying metastatic potential measured in culture and in vivo are available. [29] [30] [31] [32] Our goal in the present study is to apply mitochondrial redox scanning to human breast cancer mouse xenograft models and investigate whether redox imaging biomarkers can distinguish between the aggressive and the indolent breast cancers. Here we report the results obtained for two groups of human breast tumor mouse xenografts: the highly metastatic ͑aggressive͒ tumor MDA-MB-231 and the poorly metastatic ͑indolent͒ MCF-7. 33 These results indicate that several redox imaging biomarkers can differentiate between MDA-MB-231 and MCF-7 tumors. This study also allows us to conduct a preliminary comparison of low-temperature fluorescence data on aggressive and indolent forms of breast cancer with the previous more extensive study on melanoma that combined fluorescence with magnetic resonance imaging ͑MRI͒ and histopathological data to distinguish between aggressive and indolent forms of melanoma. This analysis suggests that the conclusions regarding mitochondrial redox states drawn from the melanoma study appear to apply also to breast cancer. Thus, the success of this study as well as our previous melanoma study support the utility of the mitochondrial redox state as a possible biomarker for tumor metastatic potential. These results may allow us to develop clinically translatable noninvasively detectable redox imaging biomarkers for predicting the metastatic potential of breast cancer and perhaps other solid tumors.
Materials and Methods

Mouse Xenograft Model and Sample Preparation
The animal protocol utilized in these studies was approved by the Institutional Animal Care and Use Committee of the University of Pennsylvania. The human breast cancer cells ͑the aggressive MDA-MB-231 and the indolent MCF-7͒ were propagated in RPMI1640 medium supplemented with 10% fetal bovine serum. Breast cancer cells ͑ϳ1 ϫ 10 7 , 100 l͒ were subcutaneously implanted into the upper thighs of the hind legs of 4-to 5-week-old female athymic nude mice ͑strain NCr-nu/nu͒ obtained from the U.S. National Cancer Institute. An estrogen pellet ͑0.72 mg, 60 days͒ was implanted subcutaneously in the mouse chest using a 10-gauge trocar immediately before MCF-7 inoculation. Tumors were allowed to grow to 6 to 10 mm in diameter measured with calipers. Tumor volume was estimated as 1 / 2ab 2 ͑mm 3 ͒, where a is the length of the long axis and b is the length of the short axis along two perpendicular directions in the tumor. The tumor-bearing mice were then anesthetized with ketamine/acepromazine ͑100/ 10 mg/ Kg͒ and snap-frozen under liquid N 2 so that the in vivo metabolic states of the tumors were preserved. The frozen tumors were then excised with a handsaw in a low-temperature environment and kept under liquid N 2 .
The sample preparation details for performing redox scanning have been reported elsewhere. 12, 34 Briefly, each frozen tumor was mounted in liquid N 2 -chilled mounting buffer ͑H 2 O : ethanol: glycerol= 10: 30: 60, freezing point −30°C͒ with two snap-frozen reference standards ͑one NADH and one FAD, powder diluted in 10 mM Tris-HCl buffer made from a 1 M pH7 buffer solution, concentration FAD = 719 M, NADH= 1318 M͒ mounted adjacent to the tumor and maintained at low temperature. Such prepared samples were stored under liquid N 2 for redox scanning.
Redox Scanning
The testing and operation of the redox scanner used for this study have been previously described. [10] [11] [12] Briefly, we milled the sample surface flat under liquid nitrogen utilizing the grinder component of the scanner. Milling away layer after layer of surface tissue exposed tissue sections at various depths from the original surface of the tumor. Fluorescence scanning with a bifurcated fiber-optic probe about 70 m above the flat surface then generated redox images of the tumor section. The Fp excitation and emission channel filters were centered at 430 nmϮ 25 nm and 525 nmϮ 32 nm, respectively; the NADH excitation and emission channel filters were centered at 360 nmϮ 26 nm and 430 nmϮ 25 nm, respectively. A short-pass glass filter ͑transmitting light at 472 nmϮ 84 nm, with O.D. 4.5 out-of-band rejection for light with wavelengths of 640 nm or longer͒ was used in the NADH channel to prevent red light leakage, yielding total out-of-band rejection of O.D. 7.5 for red light. A neutral density filter was inserted in the emission channel when the signal was saturated. Filters were rotated by spinning filter wheels. The NADH and Fp emission signals were transmitted to a photomultiplier tube ͑PMT, R928 from Hamamatsu, Inc.; sensitivity range: 185 to 900 nm͒ and processed on a PC to construct the fluorescence images of the scanned sample section.
The typical scanning matrix for this study was 128ϫ 128, with a step size of 100 or 200 m. Images of tissue sections at three to five different depths from tumor top surface with a separation of 200 to 400 m were obtained for each tumor, resulting in 15 imaging sections in total for four MCF-7 tumors and 9 sections for three MDA-MB-231 tumors.
Data Analysis
The images were analyzed with MATLAB software to generate the mean value and the standard deviation of the fluorescence signal with the signal intensity corrected for neutral density filters if they were used in any channel. For reference standards, the area inside each reference tube was selected as the region of interest ͑ROI͒. The mean value of the signal intensity from each ROI of the reference tube was computed by subtraction of the background signal of the blank. The NADH tube serves as the blank for the FAD tube and vice versa. For tissue the ROI was drawn excluding the mouse skin. The nominal NADH and Fp concentrations in the tissue were calculated by comparing the tissue signal intensity with the mean signal intensity of the reference standards.
The processed redox images are displayed with a color bar on the right side of each image indicating the range of data values ͑Figs. 1 and 2͒. The NADH or Fp images are displayed in units of concentration ͑M͒; the value of the redox ratio images ranges between 0 and 1. A histogram for the region of interest in an image was generated by counting the number of pixels exhibiting each specific value of NADH or Fp nominal concentration or Fp redox ratio.
All histograms of indolent MCF-7 tumors have only one major peak. For the aggressive MDA-MB-231 tumors, histograms of each image section usually exhibit a two-peak bimodal distribution for the Fp redox ratio and Fp and NADH concentrations, corresponding to a core-rim difference. The tumor core is defined as the region with higher Fp redox ratio corresponding to a more oxidized state and is usually located in the central region of the aggressive tumor section. The average values of the Fp redox ratio and Fp and NADH concentrations of the tumor core in each tumor section were obtained from the peaks on the right side of the histograms ͑read to two significant digits͒. They were then averaged across multiple image sections of each tumor to obtain the mean values of the entire tumor, denoted by Fp ratio ͑core͒, Fp ͑core͒, and NADH ͑core͒, respectively. In the same way, analyses were conducted by measuring the left-hand peaks in the histograms to obtain Fp ratio ͑rim͒, Fp ͑rim͒, and NADH ͑rim͒ denoting the mean value in the rim of the entire tumor, respectively. For both the aggressive and the indolent tumors, the mean values of the Fp and NADH concentration and the Fp ratio were also calculated for each tumor section. They were then averaged across multiple sections of each tumor to obtain the mean values of the entire tumor, denoted by Fp ratio ͑mean͒ for the redox ratio or Fp ͑mean͒ and NADH ͑mean͒ for the concentration.
Each of the indices defined earlier were then averaged across three to four tumors for each tumor line to obtain the mean values and standard deviations ͑SDs͒ for the tumor line which are reported in Tables 1 and 2 .
For the aggressive MDA-MB-231 tumors, in order to determine whether there exists a significant core-rim difference, a two-tail paired t-test was performed to compare the average Fp ratio ͑core͒ and Fp ratio ͑rim͒ in each tumor. The same comparison was made between Fp ͑core͒ and Fp ͑rim͒ as well as between NADH ͑core͒ and NADH ͑rim͒.
To identify biomarkers distinguishing the aggressive from the indolent tumors, six indices of Fp from three MDA-MB-231 tumors, i.e., Fp ratio ͑core͒, Fp ratio ͑rim͒, Fp ratio ͑mean͒, Fp ͑core͒, Fp ͑rim͒, and Fp ͑mean͒, were compared, respectively, with the Fp ratio ͑mean͒ and Fp ͑mean͒ from four MCF-7 tumors using a two-tail unpaired t-test assuming unequal variance. In the same way, three indices of NADH from the MDA-MB-231, NADH ͑core͒, NADH ͑rim͒, and NADH ͑mean͒ were compared with NADH ͑mean͒ of MCF-7, respectively ͑p Ͻ 0.05 was considered as statistically significant͒.
Results
Significant Core-Rim Differences Detected in the Aggressive Breast Tumors but Not in the Indolent Breast Tumors
Figures 1 and 2 display typical redox images of the aggressive MDA-MB-231 and the indolent MCF-7 breast tumors, respectively. As shown in Fig. 1 , distinct differences between the tumor core and rim were observed for all aggressive MDA-MB-231 breast tumors, where the core is defined as the more oxidized region with the higher Fp redox ratio, Fp/ ͑Fp + NADH͒. The typical histograms of the aggressive tumor images show the bimodal pattern with two widely separated peaks. The right peak in the Fp redox ratio histogram corresponds to the more oxidized tumor core region and the left peak to the more reduced rim region. The average Fp ratio ͑core͒ = 0.81Ϯ 0.02, and the average Fp ratio ͑rim͒ = 0.30Ϯ 0.18 ͑p = 0.03͒ for the MDA-MB-231 tumor line ͑Table 1͒. There is also a statistically significant difference between core and rim with respect to Fp concentration ͑p = 0.02͒, but the core-rim difference for NADH has borderline significance ͑p = 0.08; Table 2͒ probably because of the limited sample size. Such distinct core and rim differences were not observed for the indolent MCF-7 breast tumors as shown in Fig. 2 . Therefore, only the average Fp ratio ͑mean͒ was calculated to be 0.42Ϯ 0.03 with a standard deviation smaller than that of the Fp ratio ͑mean͒ for the more aggressive MDA-MB-231 line, 0.46Ϯ 0.11 ͑Table 1͒. The aggressive tumors were more heterogeneous than the indolent tumors in spite of having a comparable mean Fp ratio ͑p = 0.65͒. Note that the average tumor sizes of two tumor lines ͑173Ϯ 102 mm 3 for MDA-MB-231 and 165Ϯ 106 mm 3 for MCF-7, p = 0.96͒ were comparable.
Several Biomarkers Distinguish the Aggressive from the Indolent Breast Tumors
As delineated in Fig. 3͑a͒ and Table 1 
Discussion
Characteristic Core-Rim Pattern of the Aggressive Breast Tumors and Their Redox State Indices Distinguish between Aggressive and Indolent Breast Tumors
We have employed redox scanning to characterize two breast cancer mouse xenograft lines, the aggressive ͑highly meta-static͒ MDA-MB-231 and the indolent ͑poorly metastatic͒ MCF-7. As indicated by our redox imaging results, significant core-rim differences were observed in the aggressive breast tumors, but the indolent tumors were relatively uniform. The average value of the Fp ratio ͑core͒-the Fp redox ratio of the aggressive tumor core-but not the average Fp ratio ͑mean͒the Fp redox ratio of the entire tumor-differentiates between the aggressive and indolent breast tumor lines. This is consistent with our previous imaging study of human melanoma mitochondrial redox state, 27 clearly demonstrating the ability of redox imaging to map the heterogeneity of tumors and to distinguish between aggressive and indolent phenotypes of Figure 3͑a͒ shows that only the average of the Fp ratio ͑core͒ of the aggressive tumors can distinguish the aggressive from the indolent lines. Figures 3͑b͒ and 3͑c͒ show the average concentrations of Fp and NADH relative to the frozen-solution standards for the two tumor groups, respectively. Since there is no distinct core-rim difference identified for the MCF-7 tumors, only the average values of Fp ͑mean͒, NADH ͑mean͒, and Fp ratio ͑mean͒ of the tumor lines were plotted for the preceding figures.
both melanoma and breast cancer tumor lines. The nominal concentration images of NADH and Fp obtained by comparing tissue fluorescence to that of reference standards allowed us to further examine the distinct core-rim difference within a given tumor line and the difference between the two tumor lines with respect to this heterogeneity. The average NADH ͑core͒, Fp ͑rim͒, and Fp ͑mean͒ of the aggressive line were significantly lower than the average NADH ͑mean͒ or Fp ͑mean͒ of the indolent line. The average Fp ͑core͒ of the aggressive tumors was higher than the average Fp ͑mean͒ of the indolent tumors with borderline statistical significance ͑p = 0.07͒. Our data also indicate that in aggressive tumors, the average NADH ͑core͒ concentration varies from the average NADH ͑rim͒ concentration only with borderline significance ͑p = 0.08͒, whereas the average Fp ͑core͒ concentration was significantly higher than that of Fp ͑rim͒ ͑p = 0.02͒. Thus, it was mainly the difference in Fp concentration that accounted for the distinct core-rim difference in Fp ratio observed in MDA-MB-231 tumors, with the average Fp ratio ͑core͒ being 0.81Ϯ 0.02 and the average Fp ratio ͑rim͒ being 0.30Ϯ 0.18 ͑p = 0.03͒ ͑Table 1͒. Note that the fluorophore concentrations determined here are nominal values-i.e., fluorescence quantified without correction for hemoglobin absorption 14 and the differences of optical properties ͑e.g., quantum yield and light scattering constant͒ between the tissue and reference standards. Due to these factors, the nominal concentrations may deviate from the true tissue concentrations. However, the nominal NADH concentrations determined fall within the usual physiological range reported in the literature. 35, 36 It would be of great interest to compare chemical analyses of the two fluorophores in the frozen tissue samples and correlate them with our redox imaging results. Such a correlation may help to establish a new calibration procedure for the determination of the true concentrations of the endogenous fluorophores.
Naturally, both tumor size and tumor growth rate may be considered as contributing to and/or correlating with tumor metastatic potential. Could these factors be partially responsible for the observed mitochondrial redox state difference? These two factors may be excluded from this study due to the following considerations. First, we have chosen tumors of similar size for this study. All tumors were 6 to 10 mm in diameter resulting in an average volume 173Ϯ 102 mm 3 for MDA-MB-231 and 165Ϯ 106 mm 3 for MCF-7. The size difference of the two groups was statistically insignificant ͑p = 0.96͒. The comparable tumor size between the two lines emphasizes that the observed mitochondrial redox state differ-ence between the two lines is caused by factors other than tumor size. However, this does not exclude the potential effect of tumor size on mitochondrial redox state. As a matter of fact, it is known that in the clinic larger tumors tend to be more aggressive than smaller ones. Their mitochondrial functions and redox states may be different as well. In the future, we can image tumors grouped into different sizes, e.g., small, medium, and large, to investigate the effect of tumor size on mitochondrial redox state and to test whether the correlation between mitochondrial redox state and tumor aggressiveness holds for tumors of different sizes. Second, regarding the growth rate of tumors in the cohorts of mice examined in these experiments, it took only 20 days for the MCF-7 tumors to grow to the desired size but 50 days for the MDA-MB-231 tumors. The growth rate of the less metastatic MCF-7 tumors was much greater than that of more metastatic MDA-MB-231 tumors. On the other hand, in our previous study of melanoma, the highly metastatic C8161 melanoma grew faster than the weakly metastatic A375P, yet the C8161 had a more oxidized Fp ratio ͑core͒ than the A375P. 27 Apparently, growth rate does not account for the difference in mitochondrial redox state observed by redox scanning as reported in the present study.
When choosing the tumor samples, we made sure that none of the tumors used in this study had an apparent necrotic center. We have also performed terminal deoxynucleotidyl transferase dUTP nick end labeling ͑TUNEL͒ assay for both the indolent and the aggressive tumors. The TUNEL assay results ͑Figs. 4 and 5͒ showed a low level of cell deaths in either of the tumor lines xenografted in nude mice. Additionally, the cores of both tumor lines had large amounts of living cells indicated by their intact nuclei stained with 4Ј ,6-diamidino-2-phenylindole ͑DAPI͒, although the cell density in the tumor rim appeared to be higher. Similar results had been observed and reported for melanomas previously. 37 
Possible Metabolic States in Tumors
Previously, Chance and coworkers established five distinct states of the mitochondrial respiratory chain that can be distinguished on the basis of Fp and NADH levels as well as Fp redox ratio Fp/ ͑Fp+ NADH͒. 14, 15, 17 States 1 to 4 all are associated with an adequate oxygen supply. With low levels of adenosine diphosphate ͑ADP͒ and endogenous substrates, state 1 is characterized by low levels of oxidative metabolism with low Fp and high levels of NADH, and thus, a low Fp redox ratio. In state 2, mitochondria have adequate ADP but are starved of substrate, which is characterized by very high levels of Fp and low levels of NADH and, thus, a high Fp redox ratio. State 3 corresponds to adequate levels of ADP and substrate resulting in rapid oxidative metabolism, also accompanied by a high Fp redox ratio but not as high as in state 2, and lower NADH but not as low as in state 2. State 4 corresponds to a resting or metabolically inactive state with low ADP but adequate supply of substrate; mitochondria are mainly reduced with high NADH and low Fp resulting in a low Fp redox ratio. State 5 represents an anaerobic condition in which oxygen is exhausted with high levels of substrate and ADP. Mitochondria are fully reduced in state 5 with the highest NADH.
By comparing our results with the preceding redox states, we may assign the metabolic conditions of the more metastatic breast tumor core cells to state 2 or 3 because as shown in Fig. 3͑b͒ the aggressive tumor cores have quite high Fp levels and very low NADH levels. It has been shown in certain cancer xenografts that the outer rim of the tumor is better perfused than the central region. 27, [38] [39] [40] Utilizing MRI and redox scanning, our melanoma studies demonstrated a distinct core-rim difference both for the blood transfer constant ͑K trans ͒ measured by dynamic contrast enhancement MRI ͑DCE-MRI͒ and the mitochondrial redox state measured by low-temperature NADH/Fp fluorescence. 27 The more aggressive melanoma line appears to have a tumor core with less blood perfusion, lower nutrient supply, and a more oxidized redox state. It is possible ͑and, indeed, likely but not yet proven͒ that the central region of the aggressive MDA-MB-231 breast tumors is also poorly perfused; the cells in this region could be starving, whereas the cells in the rim are well supplied with nutrients. If this is true, then the cells in the core of the aggressive tumor are in state 2 of mitochondrial metabolism. However, since these tumors were still growing at the time of animal sacrifice, the high Fp redox ratio could also indicate that the cells in the core may have had adequate levels of ADP and substrate yielding fast oxidative metabolism-i.e., the characteristics of state 3. In the future, DCE-MRI measurement and relevant histological assays could be performed to further determine the redox state of the cells in the aggressive breast tumor core.
Mitochondrial functional/metabolic abnormalities and oxidative stress have been associated with tumorigenesis and progression to metastasis. 41, 42 The result obtained in this study suggests that mitochondrial redox state could be used as a potential indicator for cancer metastatic potential. The Fp redox ratio for the aggressive breast tumor core is in the range that is observed in aggressive melanomas, and the Fp redox ratio of the indolent breast tumor is also in the range of indolent melanomas. 27 Therefore, we are suggesting that the conclusions drawn from the more extensive melanoma study probably also carry over to breast cancer and perhaps other cancers.
Mitochondrial Redox State, Hypoxia, and Aerobic Glycolysis
Since hypoxia has been regarded as one of the driving forces for tumor progression and hypoxic tissue regions have been identified in tumors 43, 44 the question naturally arises whether hypoxia might contribute to the redox state differences between the metastatic and indolent tumors and between the core and rim region in the metastatic tumors. To address this question in the future, we may measure oxygen levels in these xenografts in addition to their redox states. Nevertheless, less oxygen means more NADH, less oxidized flavoproteins and more reduced mitochondrial redox state, 25 which contrasts with what was observed in this study-i.e., the more aggressive tumors having more oxidized redox state in the tumor core. Therefore, hypoxia does not seem to explain the difference in the mitochondrial redox state we have observed in this study. Furthermore, it is noted that an oxygen concentration greater than 4 to 8 M would saturate oxidative phosphorylation. 45 Only when oxygen level is below 1 M can the oxidative phosphorylation be compromised to alter the mitochondrial redox ratio measured by cryogenic NADH/Fp fluorescence imaging ͑redox scanning͒. Still, it is possible that hypoxia affects mitochondrial redox state indirectly by inducing changes in gene expression of certain proteins that may affect the mitochondrial redox state. Imaging of both hypoxia and mitochondrial redox state in the same tumor will be helpful to explore the connection of hypoxia to mitochondrial redox state directly or indirectly. Apart from hypoxia, the Warburg effect, discovered by Otto Warburg eight decades ago, may be considered for possible relevance to the results of this study. The Warburg effect is the observation that most cancer cells display elevated glucose uptake and predominantly produce energy by glycolysis rather than by oxidative phosphorylation in mitochondria, even in the presence of adequate oxygen. [46] [47] [48] The Warburg effect is the basis of the wide application of fluorodeoxyglucose-positron emission tomography ͑FDG-PET͒ imaging to staging various types of cancers. 49, 50 The mechanisms by which tumor cells possess enhanced aerobic glycolysis are still being investigated. Warburg's hypothesis 51 that the higher glucose metabolism in cancer cells was due to the respiration of all cancer cells being damaged does not hold true for all types of tumor cells. 45, [52] [53] [54] It became known that many, if not all, cancer cells showed various degrees of increase in glycolysis compared to normal tissues depending on the cell types and cell growing conditions. Some could produce more than 50% of their ATP through glycolysis, 55 whereas others, such as one of the tumor lines used in our study, MCF-7 cells, generate 80% ATP through oxidative phosphorylation. 56 Some studies indicate that MCF-7 is less glycolytic than MDA-MB-231 in vitro. It is noted that under both hypoxic and normoxic conditions, the MCF-7 cells have much lower aerobic glucose consumption rates compared with the MDA-MB-231 cells. 43 It is also reported that MCF-7 cells have three times higher basal oxygen consumption rates than MDA-MB-231 cells in vitro. 57 This is consistent with a PET study reporting that MDA-MB-231 mouse xenografts had higher FDG uptake than MCF-7 xenografts. 58 Since it is hardly possible for PET to differentiate between the core and rim of a 6-to 10-mm tumor at an imaging spatial resolution of ϳ2 mm, it would be of research interest to use an optical analog of 2-deoxy-glucose ͑pyro-2DG͒ to image glucose uptake in tumors at 100-m high resolution 59, 60 and co-register it with the corresponding redox state images.
Imaging mitochondrial redox state may provide a necessary basis for a more complete understanding of the Warburg effect. The regulation of glycolysis depends on mitochondrial respiration, and respiration is probably at the basis for the tumor high glycolytic activity of the tumor. 61 A multiparameter metabolic analysis study revealed a close link between attenuated mitochondrial bioenergetic function and enhanced glycolytic dependency in certain human tumor cells. 62 It was discovered that the mutated genes in mtDNA from MDA-MB-231 cells that encoded NADH dehydrogenase subunit 6 caused a deficiency in respiratory complex I activities and that poorly metastatic tumor lines became highly metastatic tumors after receiving mtDNA from MDA-MB-231 cells. 42, 63 Collectively, these observations suggest that MDA-MB-231 cells and the corresponding mouse xenografts have higher glucose metabolism due to impaired mitochondrial respiration.
However, it is unclear whether oxidized mitochondrial redox state in MDA-MB-231 observed in this study should correspond to impaired mitochondrial respiration. Our redox scanning results also revealed that the MDA-MB-231 tumor rim was not significantly different from that of MCF-7 in its mitochondrial redox state. Only the mitochondrial redox state of the core of the aggressive tumors differentiated between the two lines. Currently, redox scanning can not distinguish between extremely low respiration, i.e., starvation ͑state 2͒ and high respiration ͑state 3͒. Co-registration of redox imaging with oxygen metabolic rate in tumor tissue is needed to resolve this issue, which will be the direction of our future work. Arguably, it is also necessary to obtain 3-D coregistered information about multiple physiological parameters such as pH, pO 2 , mitochondrial redox state, oxygen consumption, and glucose consumption rate in the same tumor to provide a more complete understanding of the difference between MCF-7 and MDA-MB-231 xenografts and shed more light on the physiological/metabolic basis of tumor aggressiveness.
Advantages of the Low-Temperature Mitochondrial Redox Imaging in Addressing Tumor Heterogeneity
Although cell culture studies have enhanced our understanding of cancer biology, it is well known that cancer cells in tumor tissue may not exhibit the same behavior as the same cancer cells grown in culture medium. For example, MCF-7 cells are estrogen dependent in vitro, but 85% MCF-7 cells in tissue no longer express estrogen receptors. 58 The tissue microenvironment in tumors is different from that of cell culture. Tumor microenvironment, epigenetic modifications, and/or genetic mutations acquired during tumor progression may cause changes that are absent in cell cultures. Additionally, high intratumor heterogeneity has been well known-for instance, the heterogeneity in pO 2 and pH. 64 Therefore, it is important to study tumor biology in vivo with 3-D information to obtain more realistic understanding of tumor progression to metastasis. NADH and Fp in live tissue undergo changes within seconds once the tissue is metabolically perturbed. The snap-freezing technique used in our study arrests the metabolic processes and thus preserves the natural enzymatic state and the in vivo metabolic state. 14 Additionally, since fluorescence of NADH and Fp at liquid nitrogen temperatures are about 10-fold stronger than at room temperature, 14, 65 the signal-to-noise ratio was substantially improved. By imaging successive slices through the frozen tissue block, we were able to obtain the 3-D information on mitochondrial redox states of tumors.
Our study of human melanoma and breast cancer xenografts demonstrated that high-resolution imaging is necessary for predicting tumor metastatic potential. In human melanoma and breast tumors, there was a distinctly more oxidized ͑higher Fp redox ratio͒ tumor core region in the aggressive tumors, and it was the mitochondrial redox state in this more oxidized core region that largely differentiated the aggressive from the indolent tumors. The size of the more oxidized core region could be as small as 1 to 2 mm for a 6-to 10-mm tumor. Such tumor heterogeneity was fully addressed by the redox scanner with an in-plane high spatial resolution down to 50-m and 20-m tissue shaving thickness.
Conclusions
We report a preliminary study directed at quantitative differentiation of two breast cancer mouse xenografts with different metastatic potential using low-temperature mitochondrial redox scanning ͑NADH and Fp fluorescence imaging͒. Our results indicate that mitochondrial redox states are sensitive and quantitative biomarkers for distinguishing the more metastatic from the indolent human breast tumor mouse xenografts. The low-temperature redox scanning method can be clinically implemented on cryogenic biopsy specimens that are expected to provide highly useful information for clinical diagnosis and treatment of breast cancers. Furthermore, our mouse xenograft studies have correlated in vivo mitochondrial redox states with tumor metastatic potential with more metastatic melanomas and breast tumors exhibiting more oxidized states. Applying high-resolution redox imaging of mitochondrial metabolic states to study cancer progression to metastasis may have great impact on basic cancer research and clinical management of this disease.
